We treat theoretically the problem of the speci®city of interaction between nucleic acid and an oligonucleotide, its analog or its mimic (such as peptide nucleic acid, or PNA). We consider simplest models with only essential details using numerical solutions of kinetic equations and the kinetic Monte Carlo method. In our ®rst model, describing the formation of complementary duplex, we demonstrate anti-correlation between speci®city and af®nity for nucleic acid/oligonucleotide interaction.
Introduction Problem of specificity of biomolecular interaction
The present theoretical study elucidates the relationship between speci®city and af®nity of interaction between nucleic acids, their analogs and mimics. As usual, we refer to cases when the equilibrium binding constant has a high value as high af®nity situations, and we refer to cases where there is an ef®cient discrimination between speci®c complexes and non-speci®c ones as high speci®city situations.
The question of speci®city of biomolecular assembly is related to virtually all problems of biology and medicine. Speci®c interactions between nucleic acids, between nucleic acids and proteins, between proteins, between proteins and their ligands play a pivotal role in a large variety of biological processes. In medicine, the theme is central for many areas, from immunology to drug design. In spite of its paramount signi®cance, the basic thermodynamic and kinetic principles of the speci®c recognition are not well understood. Speci®city of biological processes has long been taken for granted and has been considered as an inherent property of living systems. Only recently with the advent of protein engineering, combinatorial chemistry, the aptamer technology and in connection with rational drug design, a comprehensive analysis of the problem has been initiated (von Hippel & Berg, 1986; von Hippel, 1994; Spolar & Record, 1994; Eaton et al., 1995) . It has become obvious that progress in the direction of rational drug design critically depends on our understanding of the basic principles of speci®city of biomolecular recognition.
The problem may seem a very simple one, at least in principle. Indeed, following von Hippel & Berg (1986) (we will refer to this seminal paper as vHB) the speci®city, R, may be de®ned as a ratio of concentration, [TL] , of complexes of the ligand, L, with its speci®c target, T, and the sum of concentrations of complexes, [T i L] , of the ligand with all non-speci®c sites T i :
Simple arguments based on the mass action law then lead to the ®nal equation for R (von Hippel & Berg, 1986 ):
where K and K i are the equilibrium constants of binding of the ligand to the speci®c and ith nonspeci®c sites, respectively. Equation (2) leads to the intuitively obvious conclusion that high speci®city is achieved when K is much larger than all K i taken together (under the natural assumption that [T] and each of [T i ] are of the same order of magnitude). For the sake of simplicity and without losing generality, we discuss throughout the present work only two types of complexes: speci®c, also referred to as correct or matched and non-speci®c, also referred to as frustrated or mismatched. A mismatched complex is actually a representative of a large number of possible non-speci®c complexes. Within the framework of the von Hippel & Berg (1986) treatment, the matched and mismatched complexes are characterized by two equilibrium binding constants, K and K Ã , respectively. High speci®city requires a strong inequality to be valid:
Thus, within the framework of the von Hippel & Berg (1986) analysis, high selectivity of binding may only be the result of a huge free energy gap between the correct and mismatched or frustrated complexes. On the basis of the vHB-type analysis, Eaton et al. (1995) formulated an important principle of drug selection, according to which high af®nity binding (i.e. binding with a high value of the equilibrium binding constant) entails highly speci®c binding. The above considerations explain, at least qualitatively, the remarkable selectivity of biomolecular interactions in a variety of real situations, both in nature and in the course of selection of new drugs (such as aptamers: von Hippel & Berg, 1986; von Hippel, 1994; Spolar & Record, 1994; Eaton et al., 1995) . However, this reasoning uses two essential assumptions: (i) the concentrations of ligands bound to various targets achieve equilibrium, and (ii) the strong inequality in equation (3) is valid for any non-speci®c target. These rather restrictive assumptions are not universally valid and therefore vHB-type treatment is sometimes inapplicable and its conclusions fail.
The speci®city of interaction between nucleic acids plays a crucial role in fundamental biological processes such as replication, transcription, translation and genetic recombination. The ability of single-stranded nucleic acids to form speci®c complexes is crucial for most important biotechnological applications of nucleic acids, such as various hybridization techniques (Southern and Northern blotting, in situ hybridization, polymerase chain reaction (PCR), the antisense strategy and others). Recognition of nucleic acids stands out among other biomolecular recognition processes in that it is achieved by a remarkably simple general mechanism, the Watson ±Crick and/or Hoogsteen pairing. As a result, a comprehensive theoretical treatment of nucleic acid interactions is possible within the framework of very simple models. In these models the real interactions could be stripped of all unnecessary details and only the features important for understanding of the speci®city of interaction are left. The speci®city of PNA/dsDNA interaction presents a special and most interesting case, which we study in detail here.
An arti®cial oligonucleotide mimic, peptide nucleic acid (PNA), consists of a protein-like backbone and ordinary DNA bases (Nielsen et al., 1991) . It has been found to form stable and sequence-speci®c complexes with single-stranded and duplex DNA. PNA shows stronger af®nity to DNA than ordinary oligonucleotides. As a result, PNA ®nds more and more applications (Hyrup & Nielsen, 1996; Dueholm & Nielsen, 1997) . PNA is especially promising in sequence-speci®c targeting of dsDNA. Homopyrimidine PNAs form very unusual complexes with complementary sites on dsDNA. In these complexes, two PNA oligomers form a triplex with the homopurine strand of DNA leaving the other DNA strand displaced (see Figure 1 ). Binding of PNA to dsDNA exhibits a remarkable combination of high speci®city and af®nity (Demidov et al., 1995 (Demidov et al., , 1996 Veselkov et al., 1996a,b; Kuhn et al., 1998; Demidov et al., unpublished results) . In contrast to canonical nucleic acid interactions, the basic facts concerning PNA/DNA interaction are not widely known. What follows is a concise overview of the basic experimental facts concerning the interaction of PNA with DNA.
Complexes of PNA with DNA
PNA oligomers with mixed purine-pyrimidine composition form duplexes with complementary PNA and ssDNA chains Wittung et al., 1994) . The melting temperature of PNA/PNA duplexes is independent of the ionic strength (Tomac et al., 1996) , whereas the melting temperature of PNA/ssDNA duplexes decreases slightly with increasing ionic strength. By contrast, the melting temperature of DNA/DNA duplexes is well known to increase with increasing ionic strength. Tomac et al. (1996) pointed out the neutrality of the PNA backbone to quantitatively explain the peculiar behavior of the PNA/ssDNA duplexes using the polyelectrolyte theory of FrankKamenetskii et al., (1987) and Bond et al., (1994) . Although more stable, PNA/ssDNA duplexes are not particularly different from DNA/DNA duplexes in other respects.
The difference between PNA and DNA oligomers manifests itself most strikingly in their interaction with dsDNA. Only homopyrimidine PNAs are known to form stable complexes with dsDNA. The structure of these triplexes is completely different from (DNA) 3 triplexes formed between homopyrimidine DNA oligomers and complementary sites on dsDNA (Frank-Kamenetskii & Mirkin, 1995; Soyfer & Potaman, 1996) . As Figure 1 shows, two homopyrimidine PNA oligomers invade dsDNA forming a so-called P-loop (Cherny, 1993; Nielsen et al., 1994; Demidov et al., 1995) .
A major element of the P-loop is the (PNA) 2 / DNA triplex. The P-loop forms in spite of the unfavorable helix boundaries only because this triplex is remarkably stable. Two factors contribute to its extraordinary stability. First, the neutrality of PNA eliminates the strong electrostatic repulsion between the strands characteristic of the (DNA) 3 triplex. Second, according to X-ray crystallographic data of Betts et al. (1995) , in addition to Watson± Crick and Hoogsteen pairing, the (PNA) 2 /DNA triplex is stabilized by hydrogen bonds between amide (peptide) nitrogen atoms of the Hoogsteenbonding PNA strand and the phosphate oxygen atoms of the DNA backbone. Because two PNA oligomers are involved in the recognition process, PNA clamps or bis-PNAs, which carry two PNA oligomers connected by a¯exible linker, are often used to target homopurine sites on nucleic acids (Egholm et al., 1995; Grif®th et al., 1995; Hyrup & Nielsen, 1996; Dueholm & Nielsen, 1997) .
Additional stabilization of the complex could be achieved by incorporating positive charges into PNA or bis-PNA oligomers (Grif®th et al., 1995; Hyrup & Nielsen, 1996; Demidov et al., 1996; Veselkov et al., 1996a,b; Dueholm & Nielsen, 1997; Kuhn et al., 1998) .
The additional hydrogen bonds, and the absence of electrostatic repulsion between the strands make the (PNA) 2 /DNA triplexes the most stable nucleic acid-like complexes known to date. It has been suggested that the formation of (PNA) 2 /DNA triplexes occurs in a two-step process (Demidov et al., 1995 (Demidov et al., , 1996 . We demonstrate here how in a twostage binding a very high speci®city of the PNA interaction with dsDNA can be secured. These results may have implications for the future design of PNA-based drugs or other DNA mimics.
Models
Model no. 1: one-step binding Let us ®rst formulate our model for the case of a perfect match between the ligand and its target site. The ligand and the target site are complementary chains consisting of m residues. The chains may be separated or form complexes of different types. We assume that each residue in the target can be either free or linked exclusively with its counterpart in the ligand. Only consecutive residues can be linked. Any state of the complex may then be fully characterized by the domain of linked residues. There is one free, unlinked state, m states with one link, m À 1 states with two consecutive links and so on up to the state with all residues linked. All m processes corresponding to the transition between free state and the states with one link (Figure 2A ) are characterized by the same values of forward and backward kinetic constants, k b and k r .
The processes within the bound state are shown in Figure 2B . All these processes have identical elongation kinetic constants k e . The reduction kinetic constants k r are also identical, including one for the very last link in Figure 2A . The equilibrium stability constant for the duplex elongation is de®ned as s k e /k r . Constants k e and s are suf®-cient to describe all elementary kinetic steps for any m. To introduce mismatched pairing, one only needs to ascribe a different value k Ã r for the reduction kinetic constants of a residue. We will characterize mismatched links by a frustration factor f, so that k Ã r fk r or for the stability constant, s Ã s/f.
Model no. 1 is a simpli®ed version of the models describing melting and association of complementary strands of nucleic acids. We keep here only essential features, and ignore the possibility of staggered binding, multiple nucleation and other. This is very similar to a model we used earlier to treat the slow relaxation processes in DNA melting (Anshelevich et al., 1984) . In that work the problem of strand dissociation was treated analytically for 
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chains of arbitrary length. Here, we consider only short chains (consisting of about ten residues), which makes it possible to apply numerical methods to treat both association and dissociation of strands rigorously and to incorporate new elements into the model, such as triplex formation in the case of complexing DNA with PNA. It should be emphasized that numerical methods we use here are restricted to short chains and cannot replace the analytical treatment of strand dissociation for long chains.
We will use Model no. 1 to better understand the speci®city/af®nity relationship for two important real cases: (i) targeting of single-stranded nucleic acids with oligonucleotides via Watson± Crick pairing, and (ii) targeting of duplex DNA with triplex-forming oligonucleotides (TFO) via Hoogsteen pairing (Frank-Kamenetskii & Mirkin, 1995; Soyfer & Potaman, 1996) . This model is equally applicable to the case of targeting singlestranded nucleic acids with PNA oligomers of mixed purine-pyrimidine composition. Like oligonucleotides, such PNAs also form complexes with single-stranded nucleic acids via Watson ±Crick pairing. However, the model needs to be substantially modi®ed to be applicable for the case of targeting both single-stranded and duplex DNA with homopyrimidine PNAs.
Model no. 2: two-step binding
Homopyrimidine PNA oligomers form triplexes with complementary single-stranded nucleic acid targets. These triplexes are so exceptionally stable that PNA oligomers containing as few as ®ve to seven residues target dsDNA. In the resulting Ploop structure the DNA strand having the same sequence as the PNA oligomer is displaced while the purine DNA strand forms a triplex with two PNA oligomers. A kinetic model has been proposed according to which the P-loop is formed at two stages: at the ®rst stage a transient Watson± Crick DNA/PNA duplex is formed while at the second stage the second PNA oligomer is attached forming the triplex (Demidov et al., 1995 (Demidov et al., , 1996 . Alternatively, the ®rst stage of the process may consist of a transient formation of a triplex between duplex DNA and one PNA oligomer via Hoogsteen pairing (Demidov et al., 1995; Wittung et al., 1996) . At the second stage, the second PNA oligomer is attached displacing one DNA strand thereby replacing the (DNA) 2 /PNA triplex with the (PNA) 2 / DNA triplex (i.e. forming the P-loop). The net result of both mechanisms is the same and it is still not clear via which particular route the process of formation of the P-loop proceeds. Both mechanisms, however, are two-stage processes, which makes the formation of the complex between duplex DNA and homopyrimidine PNA fundamentally different from the DNA/DNA duplex formation and the duplex DNA/oligonucleotide triplex formation. A main goal of our work is to show that such a two-stage binding may exhibit speci®city/af®nity features quite different from those in a single-stage mode of binding described by Model no. 1.
The two-stage binding is incorporated into Model no. 2. Within the framework of this model, there are two, rather than one, ligands. The ®rst ligand binds to the target according to Model no. 1 (Figure 2A and B). The second ligand may form complexes only with the duplex part of the complex between the target and the ®rst ligand. Thus, in our new model, each position may assume three states: no link, duplex and triplex. After the appearance of the ®rst duplex bond, a new set of events may happen, which correspond to the nucleation of the triplex ( Figure 2C ). Since the triplex is extraordinarily stable we will refer to this process as``locking''. The corresponding locking rate is k l . After locking has occurred the triplex domain can grow, but only where the duplex is already formed ( Figure 2D ). The elongation of the triplex domain is associated with kinetic constant k le and its reduction with constant k lr is assumed to be the same for all triplex links including the reduction of the last link between the duplex and the second ligand ( Figure 2C ). The equilibrium stability constant for the triplex elongation is de®ned as s l k le /k lr , and for the sake of simplicity we assume that the mismatch in the duplex does not affect either the locking rate at this position or k le and k lr .
Model no. 2 is equally applicable to the homopyrimidine PNA binding to a single-stranded DNA as well as to a double-stranded DNA. In the case of single-stranded DNA the duplex between target and ®rst ligand in Figure 2 is formed by Watson ±Crick pairing between DNA and PNA. In the case of double-stranded DNA though, the interpretation of the``duplex'' in Figure 2 is not that straightforward. According to Demidov et al. (1995) and Wittung et al. (1996) , the ®rst stage of binding between PNA and duplex DNA could be either opening of the DNA double helix and formation of the Watson ±Crick duplex between one PNA oligomer and the complementary DNA strand (the``Watson± Crick-®rst'' mechanism) or formation of highly unstable (DNA) 2 /PNA triplex via Hoogsteen pairing (the``Hoogsteen-®rst'' mechanism). The kinetics of the overall process is described by Model no. 2 in both cases. The interpretation of the kinetic constants, however, depends on the actual mechanism of reaction.
Calculation Methods Monte Carlo
We use a standard kinetic Monte Carlo procedure (Hammersley & Handscamb, 1964; Lukashin et al., 1976) . In this procedure an instance of kinetic evolution of the system is generated in the following way. Consider the system in a state a at the moment t. The time t a for the system to remain in the state a is given by:
where g is a random number uniformly distributed over the [0,1] interval, and k ai are the kinetic constants for the transitions from the state a to any other possible state i. The particular state b to which the transition occurs at the moment t t a is to be chosen with the probability k ab /AEk ai . Then the whole procedure is repeated with the new set of kinetic constants for the state b.
Kinetic equations
A system of linear kinetic equations corresponding to our models can be written. The number of kinetic equations is equal to the total number of states in the system. For Model no. 1 it is m(m 1)/2 1. This number is suf®ciently small for the values of m we consider here to allow the direct diagonalization of the matrix of kinetic coef®cients. In the case of Model no. 2, the total number of states is very large (about m 4 /24), which makes the diagonalization method impractical. However, in the experimentally interesting case of virtually irreversible triplex formation, all states with triplexes in Model no. 2 are in partial equilibrium with each other and can be considered as one state, which we dub``locked''. Thus, the total number of states of interest in Model no. 2 with suf®ciently stable triplex is larger by 1 than the number of states in Model no. 1. In this case the diagonalization method is again applicable. It is much faster than the direct Monte Carlo simulations especially for small rates of initial binding and/or locking. These methods yielded identical results, within the statistical error of the Monte Carlo method.
Parameter values
As will become clear later, without loss of generality we may assume that elongation constants for binding and locking are the same, and measure time in units 1/k e , i.e. we take k e k le 1. The kinetic constants k b and k l , the stability constants s k e /k r and s l k le /k lr , the frustration parameter f, the number of binding sites in the target sites in the target and oligonucleotide m and the position of mismatches form the complete set of parameters describing Model no. 2. Model no. 1 is simply a special case of Model no. 2 with k l 3 0. Values of all parameters listed above signi®cantly affect the kinetics of the reaction.
The parameters k b and k l are proportional to the ligand concentration. (In the case of bis-PNAs k l is independent of PNA concentration, but it varies widely with the type of linker between PNA oligomers, see Kuhn et al., 1998) . We will vary k l to check how it affects the relationship between speci®city and af®nity. Both these constants should be small to affect kinetics in a non-trivial way, k l , k b 51. Stability constants s and s l may vary between 1 and about 10 depending on ambient conditions (temperature, salt concentration, pH). Note that s l is usually larger than s because of remarkable stability of the DNA/(PNA) 2 triplex. The value of frustration parameter f depends on the type of mismatch and is typically of the order of 10 2 to 10 3 (Tibanyenda et al., 1984; Egholm et al., 1993; Wittung et al., 1994; Demidov et al., 1995; Kuhn et al., 1998) . For such a big f, however, the time scales for matched and mismatched binding are too different, and we will focus our attention on the domain f 10 to 100 where the comparison between matched and mismatched kinetics is more vivid. Unless explicitly stated otherwise our calculations are made for m 10 and a single mismatch located at the ®fth position. À4 and for two different values of s. These plots represent the average number of base-pairs, hni, formed between the 10 nt target and the 10 nt oligonucleotide as a function of time. The curves of each plot correspond to the correct target and the target with one mismatch in the middle.
Results and Discussion
One can see the dramatic difference in the behavior of our system for the two values of stability parameter. At high s (s 6, Figure 3A) , we observe gradual saturation of the target site with the asymptotic hni close to its maximal possible value of 10. This indicates high af®nity of binding. However, the curves for correct and mismatched binding are virtually identical indicating very poor speci®city of binding. By contrast, for s 1.6 ( Figure 3B ) hni is much smaller than 10 even at saturation, which means very poor af®nity of binding. At the same time the kinetic curves for correct and mismatched binding differ dramatically indicating very high speci®city. The behavior of the system with respect to af®nity and speci®city is fully determined by the stability parameter. The binding rate k b only affects the pseudo-®rst-order kinetic constant of the reaction. Note that the ®rst order kinetics perfectly describes all our data as is seen from the ideal single exponential ®ts shown in Figure 3 .
The behavior of our system, i.e. high af®nity at low speci®city and vice versa, is in apparent contradiction with the conclusion of Eaton et al. (1995) described in the Introduction. To understand the reason for this contradiction let us analyze Model no. 1 within the framework of the vHB approach. In doing so we shall extend the standard derivation to address important features of Model no. 1. First, we are interested in considering not only the case when the target sites are poorly occupied, as is the case in Figure 3B , but also considering the case when occupancy is very high, like in Figure 3A . The latter case requires an accurate calculation of the [T] value in equation (2) because [T] is the concentration of free target sites. Second, the binding in Model no.1 occurs at many sites (residues) simultaneously. Only few of these sites are frustrated in a mismatched target. As a result, equilibrium constants K and K Ã are not independent. If af®nity to the matched target becomes too high, binding to the mismatched target could also be strong enough and speci®city is compromised. This makes the oligonucleotide situation radically different from the case of ligand-protein and protein-protein recognition. Third, to facilitate the forthcoming analysis of the Model no. 2, we wish to investigate not only the equilibrium speci®city but also the kinetic behavior of our system, as it is presented in Figure 3 .
Let us assume a large excess of the oligonucleotide with respect to the target sites. We then can ignore variations of the oligonucleotide concentration and consider the following reaction:
where F stands for the free target and B refers collectively to all various bound microstates. We will discuss validity of such a collective description below. Let us denote fraction of free targets as F and the fraction of bound targets (occupancy) as B, so that F B 1. The kinetics of the reaction expressed by equation (4) obeys the single exponential law:
where:
is the equilibrium occupancy and
is the effective equilibrium constant. The pseudo-®rst-order kinetic constant for the reaction is:
Note that the kinetic constant k À b is absent in the initial formulation of Model no. 1. Instead, we had constants k e and k r , which are interrelated via stability constant s. Quantity B 0 can be expressed in terms of k b and s. Thus equation (6) is actually a (Anshelevich et al., 1984) :
Hereafter k À b is expressed in the units of k e (we assume that k e 1). The value of p in equation (8b) depends on the position of the mismatch: it is the number of residues between the mismatched site and the nearest end of the target.
We can now consider how af®nity and speci®city of oligonucleotide binding depend on solution conditions. According to equation (8), k À b is a very strong function of s. When s is very close to unity (this corresponds to high temperature or low ionic strength) k À b $ 1 for both correct and mismatched cases and the simpli®ed collective description of the bound state is not applicable. However, neither af®nity nor speci®city can be large in this uninteresting case of very weak interaction between the ligand and its target. As s increases, both effective decay rates k À b and k ÃÀ b decrease, but this decrease occurs much more slowly in the mismatched case than in the correct one. Using equation (8) and taking into account that k b is mismatched-independent, we ®nd that the ratio of matched and mismatched equilibrium occupancies is:
where
In the case of speci®c binding, B 0 /B Ã 0 41, ®rst term in the numerator of the above expression can be neglected. We see then that the speci®city varies with s in two distinct patterns, depending on whether K b is large or small as compared to 1 when s p f. À1/2 at k b s m % 1 and decreases. We conclude from this analysis that the speci®city could be high only if binding rate k b
is very low. The speci®city increases with af®nity in agreement with vHB only while the probability of matched binding remains small and starts to decrease rapidly as soon as B 0 approaches unity. Figure 4 illustrates the above simple consideration. To facilitate the forthcoming analysis of Model no. 2, curves 1 in this Figure represent the average number of links formed between the target and the ligand, hni B 0 " n. Here " n is the average number of links in the bound state. Accordingly, we de®ne the equilibrium speci®city as the ratio hni/hn Ã i (curves 2). Figure 4 clearly shows an anticorrelation between af®nity and speci®city of binding of an oligonucleotide to its target site. Note that the location of the maximum on the af®nity curve is determined by the condition k b $ s Àm and varies with k b , which is proportional to the oligonucleotide concentration. However, upon changing the concentration, both curves in Figure 4 move along the s axis in a concerted way, so that their relative position is practically unchanged. Figure 4 also shows that the anticorrelation between af®nity and speci®city and the absence of the s value region where both af®nity and speci®city are high, remain well in place for a realistic frustration value f 160.
We therefore conclude that in the case of binding of oligonucleotides to DNA or RNA via Watson± Crick pairing, af®nity and speci®city anticorrelate with one another. Note that most molecular biology techniques do not require the sequence recognition to be so stringent as we understand it throughout this work. The target sites and corresponding oligonucleotides are suf®ciently long so that the probability to encounter sites with very few mismatches is negligible. One can expected to meet sites with numerous mismatches. As a result, there is a wide range of ambient conditions, where Figure 5 where we see a wide range of the stability constant s with a high occupancy for the correct match and a low occupancy for the multiple mismatches. In this case, though af®nity and speci®city anticorrelate, there is still the possibility of both being suf®ciently high.
Though in many practical applications the stringent sequence recognition of single-stranded nucleic acids by oligonucleotides is not necessary, cases de®nitely exist for which stringent speci®city is essential. For such cases one should be aware of the anti-correlation effect between af®nity and speci®city that our computer simulations clearly demonstrate.
Specificity of recognition via Hoogsteen pairing
Duplex DNA can be targeted by triplex-forming oligonucleotides (TFO) via Hoogsteen pairing (reviewed by Frank-Kamenetskii & Mirkin, 1995; Soyfer & Potaman, 1996) . Formally, the case is described by Model no. 1 just like the above case of Watson± Crick recognition. Our major conclusions therefore hold. Again, for long targets and long TFOs a range of ambient conditions exist where high af®nity to correct target co-exists with low af®nity to multiply mismatched targets. However, isolated mismatches are not associated with suf®ciently large free energy loss so that af®nity anti-correlates with speci®city.
Specificity of PNA interaction with DNA
It was discussed in the Introduction that homopyrimidine PNAs present a special case, which is of great interest from the viewpoint of the speci®city/af®nity relation. These PNAs are capable of forming exceptionally stable complexes with complementary homopurine targets on single-stranded and even double-stranded DNA. An extraordinary af®nity of homopyrimidine PNAs to their target sites on DNA is due to the unique properties of the PNA backbone. At the same time, the speci®city of PNA ± DNA interaction seems to be governed by essentially the same factors as in the case of the usual nucleic acids recognition, because speci®city is determined by the same Watson ±Crick and Hoogsteen basepairing. Equations similar to equations (6) to (9) above would then inevitably lead to the conclusion that PNA should show very poor sequence speci®city.
Surprisingly, experiments show that the exceptionally high af®nity of homopyrimidine PNAs to target sites on double-stranded DNA is often accompanied by a remarkable speci®city of interaction (Demidov et al., 1995 (Demidov et al., , 1996 Veselkov et al., 1996a,b; Kuhn et al., 1998) . This ®nding led Demidov et al. (1995; to the conclusion that the PNA-DNA complexes involve a new principle of biomolecular recognition. They claimed that af®-nity of PNAs to their DNA target sites is so high that the binding should be considered as irreversible. If this is true, equations (6) to (9) above, as well as the whole vHB-type treatment fails. However, although the overall process is irreversible, its ®rst stage is highly reversible. According to Demidov et al. (1995) , this reversible stage consists either of a¯uctuation opening the DNA double helix and leading to the transient formation of the Watson± Crick duplex between the PNA oligomer and the complementary DNA strand (thè`W atson ±Crick-®rst'' mechanism) or of the transient formation of the highly unstable (DNA) 2 /PNA triplex via Hoogsteen pairing (the``Hoogsteen®rst'' mechanism). Only after the (PNA) 2 /DNA triplex is formed by the association of the second PNA oligomer, does the binding become irreversible.
To check whether the formation of (PNA) 2 / DNA triplexes can really entail a combination of high af®nity and high speci®city, we have performed extensive analysis of the behavior of the system described by Model no. 2 (Figure 2 ). Formally, the model considers the association of a single-stranded DNA target with two PNA oligomers. However, the model is equally applicable to the case of duplex target, if the complex is formed via strand invasion. The only difference is in the meaning of the parameter s. In case of the singlestranded target, the s has the same meaning as in case of Model no. 1, i.e. it is the stability constant for the Watson ±Crick duplex elongation. Note, however, that the speci®city of interaction of the bisPNA and ssDNA has not been studied yet. In case of the duplex target, the meaning of the parameter s depends on the speci®c mechanism of the process. In the Watson± Crick-®rst mechanism, s is the ratio of the stability constant of the PNA/DNA duplex and the stability constant of the DNA/ DNA duplex. In the Hoogsteen-®rst mechanism, s is the stability constant of the (DNA) 2 /PNA triplex formation. Therefore, the results of computer calculations that follow are applicable, in principle, to both targets, single-stranded and double-stranded, and to both mechanisms, Watson± Crick-®rst and Hoogsteen-®rst. However, while discussing the results we will usually mean the duplex target because this reaction is better studied and is used in applications (Demidov et al., 1995 (Demidov et al., , 1996 Veselkov et al., 1996a,b; Kuhn et al., 1997) .
Model no. 2 corresponds to Model no. 1 with an additional step. We refer to this second step as the locking step. The two-step mechanism of binding leads to qualitatively different behavior of our system as compared to Model no. 1. In particular, within the framework of the two-step mechanism it becomes possible that the speci®city of the overall binding reaction is determined by the ®rst, binding step (i.e. is essentially the same as in Model no. 1), whereas the overall yield of the reaction of binding of PNA to DNA is determined by the second, locking step and thus can be completely independent of the speci®city. Thus, in contrast to Model no. 1, Model no. 2 may provide both high af®nity and high speci®city of the overall binding reaction.
We have already approximated Model no. 1 by the ®rst order kinetics assuming that all bound microstates are in fast quasiequilibrium with each other. Similarly, we may describe Model no. 2 by a two-step reaction:
Here, as in Model no. 1, F denote the fraction of unoccupied target sites, B stands for the fraction of target sites, which are occupied by one PNA oligomer (i.e. are bound but not locked), and ®nally, L is the fraction of the target sites which form triplex with two PNA oligomers (i.e. are locked). Clearly, F B L 1. In reality, both macrostates, [B] and [L] are sets of many individual microstates. A simpli®ed description given by equation (10) is applicable only when all rates in this equation are signi®cantly slower than the rates of transitions between the various locked microstates and between the various bound unlocked microstates. In this case we may fully characterize locked and bound unlocked macrostates by the corresponding equilibrium distribution of microstates. Let us ®rst qualitatively identify relations between the various kinetic parameters of Model no. 2 that should be satis®ed for high af®nity and high speci®city of the reaction. In our analysis of Model no. 1 we have seen that speci®city of the binding is entirely due to the difference in the decay rates k should be ful®lled. Otherwise, the constant k À b , which determines the speci®city of the binding stage, will play no role in the overall kinetics. And last, to achieve high stability of the ®nal complex, a strong inequality k l > k À l should be assumed. With the above reasoning in mind, we henceforth shall focus our attention on the following range of kinetic parameters:
The two-stage reaction, equation (10), is described by the following kinetic equations:
which can be easily solved. From equation (12) with B F 0 the equilibrium fractions of free (F), bound non-locked (B) and locked (L) states can be expressed as:
where K l k l /k À l is the equilibrium constant for the locking reaction and the equilibrium probability of binding in the absence of locking B 0 is de®ned by equation (6). In the range of kinetic parameters described by equation (11) the solution of equation (12) for the time evolution of the probability of any kind of binding B(t) L(t) with the initial condition F(0) 1 is approximately given by:
Note that according to equation (11) t À1 0 5t
À1
. We can now summarize the main features of Model no. 2. The kinetic behavior in this case can be approximated by two exponential processes: a fast one with time constant t and a slow one with time constant t 0 . The fast process describing the equilibrium with the intermediate non-locked bound state is the same as in Model no. 1 (see equations (5) to (7)). The slow process with the time constant k l B 0 /L describes the locking process. We are interested in the case of B 0 51, which corresponds to the low af®nity of the ®rst stage of the overall complex formation. In this case the slow process is responsible for a major part of the kinetic curve. Note also that the initial slope of the kinetic curve is independent of the rate of``unlocking'', k À l . The time evolution of the average number of links formed, both locked and unlocked, could be expressed in a form similar to equation (14):
where n f is the equilibrium average fraction of linked or locked residues and hni is an equilibrium fraction of residues that would be linked in the absence of locking, that is in the framework of Model no. 1. In the domain of kinetic parameters de®ned by equation (11) hni5n f % m. This relation expresses the high af®nity of the overall binding, whereas af®nity of the ®rst stage is small, so that the speci®city of the ®rst stage may still be high. In such a case L % 1, and the binding reaction is essentially of the ®rst order with the pseudo-®rst-order rate constant t The initial slope of the slow process is practically independent of k À l and therefore the kinetic speci®city can be determined from the limiting case of the irreversible locking s l 3 I. In this case of in®-nite af®nity of both matched and mismatched binding, L % L Ã % 1, the equilibrium speci®city R L/L Ã is equal to 1 (no speci®city at all). At the same time the kinetic speci®city r (i.e. the ratio of time constants (or initial slopes) of the slow processes in matched and mismatched cases) is determined by the speci®city of the ®rst stage of the reaction:
According to the above de®nition, the kinetic speci®city is the ratio of the slowly growing occupancies of the matched and mismatched targets at times which are short as compared to characteristic time of locking process t 0 , but long as compared to characteristic time of binding t. Note that this de®-nition is meaningful only in the context of Model no. 2. On the other hand, in the most interesting case of truly irreversible locking, the notion of af®-nity of binding becomes meaningless (af®nity becomes in®nitely high). We therefore arrive at a very important conclusion that the sets of meaningful parameters describing the binding are different for the cases considered within the framework of Model no. 1 and within the framework of Model no. 2. In the former case one deals with traditional notions of equilibrium speci®city and af®nity of binding to matched and mismatched sites in accordance with von Hippel & Berg (1986) . In the latter case these notions are replaced by notions of kinetic speci®city and occupancy of matched and mismatched sites. The locking rate constant k l generally varies for the different microstates within the bound macrostate B. One may assume that in the case of DNA/ PNA complexes the locking rate is proportional to the number of links formed in a duplex. We have already argued that under conditions given by equation (11) the duplex state exists in quasi-equilibrium, and it is possible to ascribe one effective rate of locking for the whole bound macrostate. This locking rate is simply proportional to the average number of links in the bound state " n (i.e. k l "
n " k l , where " k l is the rate constant of locking of the individual link). Noting that B 0 " n hni, where hni is the equilibrium fraction of links that would form in the absence of locking, we conclude that the kinetic speci®city of the two-stage reaction is determined by the speci®city of its ®rst stage: r hniah ni 18 The assumption that the locking is irreversible effectively means that the kinetics within the locked state is irrelevant. This greatly reduces the total number of states to be considered in the kinetic scheme and the problem becomes amenable to simple analysis by direct diagonalization of the matrix of kinetic coef®cients. Figure 7 shows the kinetic speci®city calculated as the ratio of the slowest relaxation times for the matched and mismatched binding in the case of irreversible locking. The data show that there is a relatively narrow region of the linking stability constant where speci®city is high. Low speci®city at small s is speci®c to our model. According to equation (8b) when s p 5 f and the advantage of forming new matched links is insuf®cient to compensate the formation of mismatched link, hn Ã i becomes independent of f and the speci®city only slightly exceeds 1. Clearly, for s < 1 there should be no speci®city. The speci®city also decreases at large s. In part it is a manifestation of the general anticorrelation between af®nity and speci®city of the ®rst stage of the reaction: as the stability of the complex formed at the ®rst stage of the reaction increases its concentration saturates for both matched and mismatched targets. In addition, however, the dissociation rate of the bound state in the matched case can become small at large s as compared to the locking rate. The second of inequalities in equation (11) fails resulting in a decrease of the speci®city relative to the prediction of equation (18).
This effect is illustrated in Figure 8 . Here the kinetic speci®city (A) and its relative deviation from the prediction of equation (18) are shown as a function of the locking rate for three s values. We see that the decrease in speci®city at large k l parallels the deviation from equation (18). This shows unequivocally that the major cause of the reduction of the speci®city in this case is a depletion of the stationary concentration of the intermediate bound state due to too fast locking. In other words, the speci®city of recognition can be reached only if the ®nal irreversible step of triplex formation is suf®-ciently slow so that quasi-equilibrium can be reached at the ®rst stage of recognition. Otherwise, mismatched complexes would be``locked'' due to the irreversible triplex formation with virtually the same rate as the correct complex.
An increase of the number of links in the chain dramatically increases the stability of the transient bound stage for the ®xed s value. As a result, the speci®city of the ®rst stage and of the entire process drops much more steeply with increasing s. Figure 9 clearly demonstrates this trend. It shows the results of our calculations of the kinetic speci®city as a function of s for targets containing 5, 7, 9, 11, 13 and 15 links with a mismatch at the central link. The data in Figure 9 predict that for each m there is the optimal value of s corresponding to the maximal kinetic speci®city. The effect is more distinct for longer targets. This concrete theoretical prediction can be veri®ed experimentally, since stability constant s can be varied greatly by changing ambient conditions. Moreover, because the 
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value of s has a completely different meaning for Watson ±Crick-®rst and Hoogsteen-®rst mechanism, experimental study of curves as in Figure 9 may help to ®gure out what is the actual mechanism of the PNA/DNA binding. If the data in Figure 9 were con®rmed experimentally, it would be a strong indication that our model of PNA/ DNA interaction (Model no. 2) is correct. It would be also of paramount importance for the correct choice of the conditions corresponding to the maximal speci®city of the complex formation.
Our analysis clearly demonstrates that the slow kinetics of triplex formation (a small value of k l ) is a precondition for the high speci®city of the overall process. Available experimental data imply that bis-DNAs, like mono-PNAs, may exhibit high speci®city of recognition (Veselkov et al., 1996a,b; Kuhn et al., 1998) . This indicates that a high kinetic barrier for triplex formation is most probably an inherent property of PNA. This theoretical prediction needs to be tested by direct experiments. We may speculate, however, that the nature of the kinetic barrier depends on the speci®c mechanism of the process. It is easier to imagine this kinetic barrier in the case of the Hoogsteen-®rst mechanisms. Indeed, within the framework of this mechanism, the kinetic barrier may be associated with opening of the DNA duplex as the ®rst step in the locking stage. The experimental data of Kuhn et al. (1998) indicate that the kinetic barrier for locking is sensitive to electrostatic interactions, because the kinetic speci®city strongly depends on the distribution of positive charges along bis-PNA and on ionic strength.
It should be emphasized that the fact that the PNA interaction with duplex DNA exhibits kinetic rather than equilibrium speci®city has serious rami®cations for experimental procedures. The optimization of conditions for achieving signi®cant occupancy of the correct target sites while maintaining minimal occupancy of mismatched sites has recently been theoretically analyzed in detail by Demidov et al. (1997) . Kuhn et al. (1998) and Demidov et al. (unpublished results) have demonstrated for various PNAs the importance of the kinetic phenomena for the speci®city of the PNA interaction with duplex DNA.
Above, we have concluded that PNAs with mixed composition do not have signi®cant advantage over oligonucleotides in targeting singlestranded nucleic acids. What about homopyrimidine PNAs? Since Model no. 2 is valid in the case of interaction of the homopyrimidine PNAs with single-stranded nucleic acids, one can hope to observe both high speci®city and high af®nity for this case too. Paradoxically, the obstacle may consists in a too high stability of the PNA/DNA duplex. As we have shown, high af®nity at the ®rst stage of reaction seriously compromises the speci®city of binding. We therefore predict a high speci®city of targeting single-stranded nucleic acids under conditions corresponding to a relatively low stability of the PNA/DNA duplex. The data in Figure 9 are fully applicable to this case too, provided the parameter s has the meaning of the stability constant for the PNA/DNA duplex formation.
Conclusion
Within the framework of simple models, we have treated theoretically the problem of speci®city of interaction of nucleic acids with oligonucleotides, their analogs and mimics. Standard assumptions, which are used in studying the speci®city problem, are not applicable to these cases. In the case of oligonucleotides, the equilibrium stability constants for matched and mismatched binding change in a concerted way with changing ambient condition because only a small fraction of links is changed in the mismatch case. We have demonstrated that in the case of the interaction of nucleic acids with oligonucleotides speci®city and af®nity anticorrelate with one another for high values of the stability constant. In general, oligonucleotides and their analogs are imperfect candidates for truly sequence-speci®c recognition of nucleic acids. The lack of truly high speci®city of oligonucleotides in targeting nucleic acids does not preclude their numerous applications because these applications actually do not require very high speci®city of recognition.
Our theoretical results show that homopyrimidine PNAs, which bind to duplex DNA by forming a (PNA) 2 /DNA triplex with one of the DNA strands, exhibit completely different behavior as compared to ordinary oligonucleotides and PNAs with mixed purine-pyrimidine composition. Our calculations demonstrate that both high selectivity and high af®nity can be reached in this case. Our theoretical data support the two-step mechanism of interaction of homopyrimidine PNAs with duplex DNA postulated by Demidov et al. (1995 Demidov et al. ( , 1996 . The calculations show that a ®rst reversiblè`s earch'' stage followed by a second irreversiblè`l ocking'' stage indeed allows the overall process to reach both high speci®city and high af®nity. We have also found the domain of parameter values that correspond to speci®c interaction between duplex DNA and homopyrimidine PNAs.
To describe a two-step binding process typical for complexes of PNA with dsDNA, we introduced the idea of kinetic speci®city. The kinetic speci®city is measured as a ratio of occupancy rates of matched and mismatched targets at times short as compared with the characteristic time of the locking process but long as compared with the characteristic time of the binding process. A notion of kinetic speci®city is meaningless for the one-step binding reaction typical for oligonucleotide interactions. On the other hand, in the case of virtually irreversible locking, the notion of af®nity of binding becomes meaningless (af®nity is in®nitely high). Instead, occupancies of matched and mismatched sites must be considered.
Although our predictions may not be quantitatively accurate due to the simpli®cations made, they give us qualitative understanding of the process. Further experimental studies should show whether or not our predictions are really met. Such a comparison of the theory and experiment will be a critical test of the proposed mechanism of interaction of homopyrimidine PNAs and dsDNA. Understanding of this mechanism is of paramount importance for design of further PNA-like drugs exhibiting high speci®city and af®nity of interaction with DNA.
The unique properties of homopyrimidine PNAs (and of bis-PNAs) have already been used to develop a new method for rare genome cutting (Veselkov et al., 1996a,b) and will undoubtedly ®nd other applications in the ®eld of nucleic acids. Our theoretical results con®rm that in the case of homopyrimidine PNAs we encounter a new principle of biomolecular recognition.
